Although a variety of nanoparticles (NPs) functionalized with amphotericin B, an antifungal agent widely used in the clinic, have been studied in the last years their cytotoxicity profile remains elusive. Here we show that human endothelial cells take up high amounts of silica nanoparticles (SNPs) conjugated with amphotericin B (AmB) (SNP-AmB) (65.4 AE 12.4 pg of Si per cell) through macropinocytosis while human fibroblasts internalize relatively low amounts (2.3 AE 0.4 pg of Si per cell) because of their low capacity for macropinocytosis. We further show that concentrations of SNP-AmB and SNP up to 400 mg/mL do not substantially affect fibroblasts. In contrast, endothelial cells are sensitive to low concentrations of NPs (above 10 mg/mL), in particular to SNP-AmB. This is because of their capacity to internalize high concentration of NPs and high sensitivity of their membrane to the effects of AmB. Low-moderate concentrations of SNP-AmB (up to 100 mg/mL) induce the production of reactive oxygen species (ROS), LDH release, high expression of pro-inflammatory cytokines and chemokines (IL-8, IL-6, G-CSF, CCL4, IL-1b and CSF2) and high expression of heat shock proteins (HSPs) at gene and protein levels. High concentrations of SNP-AmB (above 100 mg/mL) disturb membrane integrity and kill rapidly human cells (60% after 5 h). This effect is higher in SNP-AmB than in SNP.
Introduction
AmB is a potent antifungal agent, approved by the FDA, widely used in clinical practice and effective against a large spectrum of fungi. Few resistant strains of fungi to AmB have been reported so far [1] . Experimental data indicates that AmB associates with the ergosterol in the fungal cell membrane, forming pores and consequently disrupting the ionic gradient [2] . Due to these properties, AmB has been permanently immobilized in hydrogels [3, 4] and nanomaterials (silica and carbon nanotubes) [5e7] . The nanoformulations have been used to create permanent coatings [7] and as substitutes of commercial lipid-based nanoformulations of AmB [5, 6] . The competitive advantages of AmB immobilized onto nanomaterials relatively to lipid-based formulations are ascribed to (i) increased stability of the AmB nanomaterial conjugate, (ii) potential decrease in the concentration required for therapeutic use (due to the immobilization of high doses of agent at the surface of the nanomaterial), and (iii) the possibility of incorporating ligands to target specific tissues. Unfortunately, it is relatively unknown the cytotoxic profile of AmB nanomaterials conjugates.
Previous studies have shown that cellular toxicity of AmB was higher when associated with low-density lipoprotein (LDL) [8, 9] . However, it is unclear whether the toxicity effect is mediated by an interaction of AmB with cell membrane or requires the intracellular delivery of AmB. Further, although several experimental results indicate that the toxicity of AmB is due to its ability to induce oxidative stress and disturb normal ion functioning [2, 10, 11] , it is unclear whether both mechanisms occur at the same time or are dependent on the concentrations of AmB.
In this work, we hypothesize that the cytotoxic effect of AmB is dependent on cell type and it depends on the initial concentration of the NPs. To verify this hypothesis we have evaluated the cytotoxicity profile of AmB conjugated to SNPs [7] in human umbilical vein endothelial cells (HUVECs) and fibroblasts. We have studied the uptake mechanism and intracellular fate of the NPs with and without AmB and their effect in cell metabolic activity and proliferation. Further, we have quantified cell membrane integrity, oxidative stress, and apoptosis on cells treated with SNPs with and without AmB. Finally, we have quantified the expression of stress and toxicity genes and quantified the secretion of cytokines.
Materials and methods

Conjugation of SNPs with DexOx and DexOxAmB
SNP5 were kindly offered by Eka (Sweden), while SNP80 were purchased from PlasmaChem GmbH (Germany). Either SNP5 or SNP80 used in the entire work were from the same batch. The silanization, conjugation of AmB (AppliChem GmbH, Germany) to the NPs and NPs characterization was performed according to protocols previously reported by us [7] . Endotoxin levels in the nanoparticle suspension (50 mg/mL) were detected using a Limulus assay kit (Lonza) and found to be below 0.125 EU/mL, the acceptable levels of endotoxins for pharmaceutical formulations [12] .
Cell culture
Primary human skin fibroblasts (Lonza) were grown in DMEM supplemented with 10% fetal bovine serum (FBS), at 37 C in a fully humidified air containing 5% CO 2 . The cells were fed every 2e3 days. HUVECs (Lonza) were cultured in EGM-2 media (Lonza; containing 2% of FBS) being the medium replaced every 2 days. Both cells were passaged after reaching 80% confluency. Cells between the 3rd and 7th passages were used in the entire work.
NP uptake by FACS analysis
Fluorescent-labeled SNPs were obtained by reacting DexOx or DexOxAmB with fluoresceinamine or by reacting the terminal amine groups in SNPs with fluorescein isothiocyanate (FITC). In the first case, DexOx (250 mg) was reacted with flouresceinamine (26.7 mg) in a 1:1 mixture of 0.01 M borate buffer pH 10 with DMSO (12 mL). The reaction was allowed to proceed for 18 h and the conjugate was then dialyzed against distilled water in a 6e8 kDa MWCO membrane for 2 days. The conjugates were then freeze-dried. Fluorescent DexOxAmB was prepared in a similar manner, being AmB (213 mg) added to the reaction mix. To prepare fluorescent SNPs (without DexOx or DexOxAmB), we reacted SNP5eNH 2 (100 mg) with FITC (19.5 mg) or SNP80eNH 2 (100 mg) with FITC (24 mg) in 0.01 M borate buffer pH 10 (12.5 mL) with magnetic stirring for 18 h. Unbound FITC was removed by centrifugation and washing of the NP with distilled water.
HUVECs or fibroblasts were plated in gelatin-coated 24 well plates (1 Â 10 5 cells/ well). After 18 h, the cells were incubated with SNP5eNH 2 eFITC, SNP80eNH 2 eFITC, SNP5eDexOx-fluoresceinamine, SNP80eDexOx-fluoresceinamine, SNP5eDexOx-AmB-fluoresceinamine or SNP80eDexOxAmB-fluoresceinamine (all at 50 mg/mL) suspended in cell culture medium (i.e., DMEM supplemented with 10% FBS in case of fibroblasts and EGM-2 containing 2% of FBS for HUVECs). After 5 or 24 h, the cells were washed with PBS, dissociated with trypsin (0.2% w/v, in PBS) and treated with an aqueous solution of trypan blue (0.4%, w/v) in order to quench the fluorescence of NPs that were not taken up by the cells [13] . Samples were then washed twice (300 g, 2 min) with PBS and analyzed on a FACScalibur (Becton Dickison) using CellQuest software. Fig. 2B ).
After the pre-incubation with the inhibitor, SNP5eDexOx or SNP5eDexOxAmB
(50 mg/mL) formulations were added to the cells, maintaining the inhibitor concentration. As controls we used cells incubated without NPs and cells incubated with SNP5eDexOx or SNP5eDexOxAmB without inhibitor. After 5 h incubation with the NPs we washed the cells two times with DMEM with 10% FBS and one time with PBS before trypsinization. After trypsinization, the cells were centrifuged and the supernatant removed. The cells were resuspended in PBS and kept on ice for immediate analysis by flow cytometry.
Inductive coupled plasma mass spectrometry (ICP-MS) analysis
HUVECs (5 Â 10 5 cells/well) and fibroblasts (3.5 Â 10 5 cells/flask) were plated in 6 well plates and T75 flasks, respectively, and left to adhere overnight. Then the cells were incubated with SNP5eDexOx or SNP5eDexOxAmB (50 mg/mL) for 5 or 24 h.
After incubation, in order to remove non-internalized NPs, the cells were washed three times with PBS, dissociated with trypsin [0.2% (w/v) in PBS], centrifuged, counted and washed again with PBS. Afterwards, the samples were freeze-dried and the presence of silicon in the samples was evaluated by ICP-MS according to a previous protocol [14] . For this purpose, the samples were digested overnight in the presence of hydrofluoric acid (0.1 mL, 40%, (w/v)) and ultrasounds. Then, aqueous nitric acid solution (9.9 mL, 2% (w/v)) was added. The samples (n ¼ 3) were analyzed by ICP-MS for the quantification of internalized silicon.
Cellular uptake of NPs by confocal microscopy
HUVECs were plated on a gelatin-coated microscope slide (m-Slide Angiogenesis, Ibidi, Germany) ( gelatin and left to adhere. The cells were then incubated with NPs (from 10 to 500 mg/ mL) for 5 h or 24 h. In some cases (LDH assay), the medium was then collected and centrifuged 5 min at 250 g to remove NP aggregates and cell debris and then the LDH content of the samples (n ¼ 6) was determined using colorimetric assay (TOX-7 kit, Sigma). As negative control we used the medium of cells incubated without NPs. For the positive control we removed the medium (200 mL) and added Triton X-100 solution (20 mL, 0.5% in water) to the cells. After observing total cell lysis, we added 180 mL of the initial medium to the well. We analyzed the medium according to manufacturer's instructions. In other cases, the cells were washed and ATP production measured by a Celltiter-Glo Luminescent Cell Viability Assay (Promega). at room temperature for 10 min and then on ice before analysis in the flow cytometer. To stain the dead cells, PI (10 mL, 100 mg/mL) was added shortly before running each sample (n ¼ 3).
Cell proliferation in the presence of SNP-DexOx and SNP-DexOxAmB
HUVECs or fibroblasts were plated in gelatin-coated 24 well plates (5 Â 10 4 cells/ well). After 18 h, the cells were incubated with SNP5eDexOx, SNP80-DexOx, SNP5e
DexOxAmB or SNP80-DexOxAmB at 50 or 100 mg/mL. After 24 h, the cells were washed with PBS, harvested with trypsin (0.2% in PBS) and counted using a Neubauer chamber. Cells without NPs were used as controls for cell number at initial and final incubation times. Each condition was done in triplicate.
Quantification of cellular reactive oxygen species (ROS)
HUVECs (1 Â 10 5 cells/well) were seeded onto a 24-well plate coated with 0.1% (w/v) gelatin and left to adhere. The cells were then incubated with NPs (10e300 mg/ mL) for 12 or 24 h. After the incubation time, the medium was collected and kept at 4 C. In the meantime, the adherent cells were rinsed with PBS and then incubated in serum free medium (Medium 200, Gibco) containing the oxidation-sensitive probe carboxy-H 2 DCFDA (10 mM) for 1 h to load the dye in the cells. After this, the serum free medium was replaced with complete medium and the cells were allowed to recover for 2 h. Then, the cells were trypsinized and the medium with the dead cells was added. Cells were centrifuged for 3 min at 350 g, resuspended in PBS (200 mL)
and kept on ice before analysis in the flow cytometer. To stain the dead cells, PI (10 mL, 100 mg/mL) was added shortly before running each sample (n ¼ 3). As negative control we used cells incubated without NP or with SNP5eDexOx.
Real-time RT-PCR array
HUVECs were seeded in 6-well plates (1.5 Â 10 6 distributed by 3 wells) and incubated for 24 h with SNP5eDexOx or SNP5eDexOxAmB (50 mg/mL). Cells without NPs were used as control. After incubation, cells were trypsinized and total RNA was isolated using a protocol with TRIzol (Invitrogen) and RNeasy Minikit (Qiagen, Valencia). cDNA was prepared from 1 mg total RNA using the RT 2 PCR Array first strand kit (SABiosciences), according to the manufacturer's instructions. RT-PCR assays were performed using the human stress and toxicity pathway finder RT-PCR array (SA Biosciences) on an ABI PRISM 7500 System. Data analysis was performed using analysis software provided by the kit manufacturer.
Cytokine secretion analyses
HUVECs and fibroblasts were incubated with medium containing SNP5eDexOx tor-a (TNF-a). A standard range of 0.2e3200 pg/mL was used. Samples and controls were run in triplicate, standards and blanks in duplicate.
Characterization of HSP70 cellular localization by confocal microscopy
Round glass coverslips were sterilized with 100% ethanol and UV radiation for 30 min. Then, they were dried, placed in wells of a 24-well plate and coated with 0.1% (w/v) gelatin. HUVEC (1 Â 10 5 cells/well) were seeded on the coverslips and allowed to adhere. Cells were incubated with SNP5eDexOx or SNP5eDexOxAmB
(50 mg/mL) for 5 and 24 h. Cells incubated without NPs or cells incubated for 3 h at 42.5 C were used as negative and positive controls, respectively. Cells were washed, fixed with 4% (v/v) paraformaldehyde in PBS for 15 min at room temperature, and then washed two times with cold PBS. Permeabilization of the cells was done by incubating 10 min with PBS containing 0.25% Triton X-100. The detergent was removed by washing three times with PBS. Before staining, unspecific binding sites were blocked with PBS containing 1% BSA and 0.3 M glycine for 30 min. The cells were then incubated with mouse anti-human HSP70 (3A3) antibody (sc-32239, Santa Cruz) (1:50 in PBS containing 1% BSA) for 1 h at room temperature. Cells were washed three times with PBS and then incubated for 1 h in the dark with goat antimouse IgG Cy3 conjugate (Sigma; 1:50 dilution in PBS containing 1% BSA). Cells were washed three times with PBS and nuclei were stained with DAPI (1 mg/mL) for 5 min. PBS, placed on ice, and lysis buffer (200 mL containing 1 mM EDTA, 0.5% Triton X-100, 10 mg/mL Leupeptin, 10 mg/mL Pepstatin, 100 mg/mL PMSF, 3 mg/mL Aprotinin in PBS, pH 7.4) was added to the cells, which were detached from the plate using cell scrapers. The cell lysates (n ¼ 3) were analyzed using the DuoSet IC Intracellular ELISA kit for total HSP70 (R&D Systems) to obtain the amount of HSP70 protein per sample. The results were normalized to the total cell number per sample. This was done by a total DNA quantification in the lysates. We prepared cell lysates from known cell numbers to use as standards. The quantification of DNA was performed using Hoechst dye (2 mg/mL in TNE Buffer (10 mM Tris pH 7.5, 0.1M NaCl, 10 mM EDTA)). The Hoechst solution was pipetted into wells of a black 96-well plate (95 mL/ well) and 5 mL of standard or sample lysate was added to each well. The plates were read immediately on a Spectra Max Gemini EM microplate reader (Molecular Devices).
Results and discussion
Properties of NPs
AmB was conjugated to SNPs having an initial diameter of 5 (SNP5) and 80 nm (SNP80) (Fig. 1A) . Initially, SNP5 and SNP80 were silanized with amine-containing silane compounds (see Materials and methods; named SNP80eNH 2 and SNP5eNH 2 ) [7] . AmB was immobilized covalently to oxidized dextran (DexOx) by its amine group. Previously, we [7] and others [15] have shown that AmB immobilized by its amine group is still active. The conjugation of AmB to DexOx improves the solubility of AmB in aqueous solutions and facilitates its immobilization onto SNPs. Then, DexOxAmB (12 mg/mL) with a degree of AmB incorporation of 15% was reacted with SNPs. The content of DexOxAmB conjugate immobilized on the surface of NPs was determined by the anthrone assay [7, 16] . The diameter, net charge, concentration of AmB per mg of SNPs, and minimum inhibitory concentrations (MIC) are summarized in Supplementary Table 1.
Internalization of NPs by HUVEC and human skin fibroblasts
HUVECs and human fibroblasts were chosen in this study as representative models for the various cellular environments that NPs may interact with. Endothelial cells represent a model for the evaluation of NPs toxicity in the bloodstream. Fibroblasts represent a model to evaluate the acute toxicity of the NPs released by the biomedical devices. Initially, the uptake of different sets of fluorescent SNPs by both cells was evaluated by flow cytometry. Both type of cells were exposed to NPs (50 mg/mL) for 5 h and 24 h in cell medium containing serum (see Materials and methods). Under these conditions NPs maintain their antifungal properties after incubation in cell medium. HUVECs internalized efficiently all the NPs tested, being approximately 100% of the cells labeled with NPs after 5 h (Fig. 1B.1 ). The internalization of the NPs in HUVECs was also studied for incubation times below 5 h ( Supplementary Fig. 1 A) . The internalization kinetic of SNP5eDexOxAmB in HUVECs was significantly (P < 0.001 at 1 h) faster than SNP5eDexOx. Fibroblasts were less prone to internalize NPs as compared to HUVECs (Fig. 1B.2 ). Fibroblasts internalized with higher efficiency SNP5eNH 2 (5 h: 82.2 AE 0.8%; 24 h: 97.6 AE 0.6%) and SNP5eDexOx (5 h: 8.6 AE 3.2%; 24 h: 79.0 AE 0.9%) than SNP5eDexOxAmB (5 h: 0.02 AE 0.03%; 24 h: 67.2 AE 2.8%). In addition, they internalized with higher efficiency SNP80eNH 2 (5 h: 49.5 AE 0.4%; 24 h: 86.6 AE 0.5%) and SNP80e DexOxAmB (5 h: 0%; 24 h: 75.8 AE 1.0%) than SNP80eDexOx (5 h: 0%; 24 h: 63.5 AE 0.9%). Because no substantial differences were observed in the uptake of SNP5 and SNP80 at the 24 h time point in both types of cells, SNP5 formulation was used for subsequent studies.
To quantify the real amount of NPs internalized by each type of cell, inductive coupled plasma mass spectrometry (ICP-MS) was used (Fig. 1C) . For these studies HUVECs and fibroblasts were exposed to SNP5eDexOx and SNP5eDexOxAmB (50 mg/mL) for 5 h and 24 h. HUVECs internalized higher concentration of NPs (between 36.9 AE 2.1 and 65.4 AE 12.4 pg of Si per cell) than fibroblasts (between 0 and 2.3 AE 0.4 pg of Si per cell). In case of HUVECs, the amount of silicon uptake correlates directly with the time of cell exposure to SNPs (Fig. 1C.1) . The results indicate a time-dependent increase in the uptake of the SNPs by HUVECs. Our results also show that the conjugation of AmB to the NPs facilitated NP cellular internalization at 24 h.
Very few studies have quantified the real concentration of SNPs internalized by the cells [14] . Typically, the initial dose of NPs added to cells is used to evaluate the cytotoxicity of NPs [17, 18] . Here, we show that HUVECs have the ability to internalize higher concentrations of SNPs than fibroblasts. The level of internalization obtained for SNP5eDexOx is similar to the one previously reported for HUVECs (40 pg of silicon per cell) exposed for 24 h to a suspension of SNPs (diameter of 20 nm) at 50 mg/mL [14] . To understand the reasons for the differences found between HUVECs and fibroblasts we studied the mechanism of NP internalization. Cells were incubated in the presence of endocytosis chemical inhibitors on concentrations that were not cytotoxic for the cells (Supplementary Fig. 2A ), after which, fluorescently labeled NPs (SNP5eDexOxAmB and SNP5eDexOx) were added and the internalization monitored by flow cytometry. Filipin III inhibits cholesterol dependent internalization mechanisms [19] , nocodazole inhibits microtubule dependent pathways [20] , cytochalasin D inhibits all pathways dependent on actin [21] , dansylcadaverine inhibits clathrinmediated endocytosis [22] and polyinosinic acid inhibits scavenger receptors [23] . Whenever possible molecules that enter by a specific internalization pathway were used as positive controls to show the efficacy of our inhibitors (Supplementary Fig. 2B ). In HUVECs, the response to the inhibitors was similar for both types of NPs ( Fig. 2A) . Actin filaments mediated the pathway with most impact in the internalization of NPs, since cells inhibited with cytochalasin D had no significant NP internalization. Actin filaments have been shown to be implicated in the mechanisms of clathrin-mediated endocytosis as well as macropinocytosis and formation of circular dorsal ruffles [24] . Our results suggest that macropinocytosis might be the pathway with the highest impact in SNPs internalization since the effect of dansylcadaverine (clathrin inhibitor) was relatively low in NP internalization. In addition, nocodazole had an important inhibitory effect on the internalization of both NPs, implicating microtubules in the uptake mechanism. This agrees with the previous description of microtubules as participants in the mechanism of macropinocytosis [24] . In fibroblasts, cells do not internalize SNP5eDexOxAmB during 5 h but do SNP5eDexOx (Supplementary Fig. 2C ). In this last case, the inhibitory effect of cytochalasin D is similar to the effect of nocodazole, polyinosinic acid and dansylcadaverine, which indicates that macropinocytosis is not the pathway with the highest impact in SNPs internalization. Overall, our results suggest that macropinocytosis seems to be the main internalization route for NPs in HUVEC but not in fibroblasts. Recent studies indicate that HUVECs can internalize carbon nanotubes coated with DNA [25] as well as silicon microparticles [26] by macropinocytosis which indicates that this internalization pathway is not specific for SNPs. The differences in NP internalization on HUVECs and fibroblasts might thus be related to differences in macropinocytosis among cells.
Because the internalization of the NPs by macropinocytosis might be related to the aggregation of the NPs, we studied the size and stability of SNP5eDexOx and SNP5eDexOxAmB in HUVEC culture media (EGM-2 containing 2% FBS) or fibroblast culture medium (DMEM containing 10% FBS) by dynamic light scattering ( Supplementary Fig. 3 ). For concentrations of 10 mg/mL, the number of NP counts was very low (below 100 kcps) and therefore not evaluated. For concentrations between 50 and 300 mg/mL NPs aggregate followed by sedimentation. The aggregation and sedimentation kinetics depend on the initial concentration of the NPs, type of NP and culture medium. Therefore, it is possible that the aggregation of the NPs contribute for the internalization mechanism through macropinocytosis in HUVECs. Overall, our results indicate that HUVECs internalize higher amounts of SNPs, particularly SNP5eDexOxAmB, than fibroblasts and this is likely explained by the fact that HUVECs are more prone to macropinocytosis than fibroblasts.
Intracellular accumulation of SNPs conjugated with and without AmB
Confocal microscopy was performed to confirm that SNPs were located intracellularly rather than adsorbing onto the cell surface and to identify the exact intracellular location following internalization. For this purpose, cells were exposed for 5 and 24 h to fluorescently labeled SNPs (50 mg of NPs per mL of medium).
Endolysosomes were stained with Lysotracker Red DND-99 and cell membrane stained with anti-human CD31 (for HUVECs; for fibroblasts no marker was used) (Fig. 2 and Supplementary Fig. 4 ). Images of cells reconstructed from z-stacks of confocal images indicated extensive cellular uptake of NPs, mainly in HUVECs. For both types of cells, after 5 h of exposure, NPs are mainly observed in the periphery of the cell. At 24 h, the NPs were in general localized in the perinuclear region. This agrees with other reports showing perinuclear accumulation of silica-based nanoparticles in different type of cells [27] . Furthermore, our results show that a significant percentage (HUVECs (24 h)-SNP5eDexOx: 77.6 AE 15.7%; SNP5e DexOxAmB: 99.1 AE 0.8%; Fibroblasts (24 h)-SNP5eDexOx: 75.9 AE 34.0%; SNP5eDexOxAmB: 94.1 AE 8.3%) of the NPs were localized in endolysosomes as shown by the co-localization of the NPs with the lysotracker staining (Fig. 2B) . We further characterized the cellular uptake of SNPs in HUVECs by transmission electron microscopy (TEM) analyses (Fig. 3) . TEM results confirm that either SNP5eDexOx or SNP5eDexOxAmB are taken up by HUVECs and localize within endolysosomal vesicles. Our results also indicate that NPs are taken up by macropinocytosis, with large membrane ruffles engulfing aggregates of NPs (Fig. 3 A.1 and B. 2). Overall, our results indicate that most of the NPs that are taken up by both types of cells accumulate in endolysosomal vesicles.
Susceptibility of HUVECs and fibroblasts to the cytotoxic effect of SNPs conjugated with AmB
Previous studies have reported that AmB conjugated to carbon nanotubes had relatively small toxicity towards Jurkat cells, derived from a human T-cell leukemia [5, 6] . The cells were incubated up to 16 h with AmB conjugated to carbon nanotubes (10 mg/mL). At the end, only 7% of the cells were apoptotic and 6% necrotic. However, the concentration of nanotubes within the cells was not quantified and this is important for the evaluation of the cytotoxicity profile of the AmB conjugate. Furthermore, the effect of AmB conjugates on other cell types is still unclear. Although a cell line (such as Jurkat cells) is highly valuable to address questions regarding cytotoxicity, the results should be validated with primary cells [6] . Studies with NPs of different chemical composition suggest that cancer cells are more resistant to NP-mediated toxicity than primary cells found in the human body [14, 17] .
To assess the biological effect of NPs, cell metabolism and cell proliferation was evaluated after exposing fibroblasts and HUVECs to various concentrations of NPs (from 10 to 500 mg/mL) for 5 h and 24 h (Fig. 4) . Cell metabolism was assessed by ATP production. Small effect (between 10% and 20%) in ATP production was observed for both type of cells exposed to the NPs for 5 h. However, HUVECs exposed to concentrations equal or higher than 50 mg/mL of SNP5eNH 2 (50 mg/mL: 62.3 AE 10.7% of ATP production relatively to control; 100 mg/mL: 5.5 AE 5.2%) for 24 h showed significant impaired ATP production. Similar findings have been reported in a previous study for positively charged silica nanotubes with 200 nm in length [28] . The nanotubes were cytotoxic for concentrations of 0.5 mg/mL against HUVECs. Here, HUVECs exposed to SNP5eDexOx (50 mg/mL: 92.0 AE 14.6%, relative to control; 100 mg/mL: 75.5 AE 23.7%) present significantly less impairment in ATP production (P < 0.0001, n ¼ 6) than cells exposed to SNP5eDexOxAmB
(50 mg/mL: 45.1 AE 10.3%; 100 mg/mL: 29.8 AE 6.4%) for concentrations equal or above 50 mg/mL, during 24 h. The effect of NP in cell proliferation was also evaluated. Fibroblast proliferation was not substantially affected in medium containing SNPs up to a concentration of 100 mg/mL (Fig. 4C.2) . In contrast, HUVEC proliferation was affected in medium containing SNP5eDexOx or SNP5eDex-OxAmB, being highly affected in the last case (Fig. 4C.1) . Overall, the results of metabolism and cell proliferation indicate that HUVECs are more sensitive to SNPs than fibroblasts. In addition, HUVECs are more sensitive to SNP5eDexOxAmB than SNP5eDexOx indicating that AmB presented by the NPs is cytotoxic.
To determine whether the results obtained by cell metabolism were due to cell death, we exposed HUVECs to SNPs for 5, 12 and 24 h and quantified cell viability/necrosis/apoptosis by flow cytometry using annexin V/PI staining (Fig. 5A) . Annexin V is a phospholipidbinding protein with specificity for phosphatidyl serine, one of the earliest markers of cellular transition to an apoptotic state. This phospholipid is translocated from the inner to outer leaflet of the plasma membrane [29] . PI enters necrotic cells and binds to doublestranded nucleic acids, but is excluded from cells with normal integrity [30] . According to Fig. 5A , the viability of HUVECs cultured in medium containing 10 mg/mL of SNP5eDexOxAmB for up to 24 h was not statistically different from HUVECs cultured without SNPs (necrosis of w2%; apoptosis of w10%). However, HUVECs cultured in medium with 50 and 300 mg/mL of SNP5eDexOxAmB show significant levels of necrosis at 5 h (50 mg/mL: 5.1 AE 2.6%; 300 mg/mL: 61.6 AE 3.5%) and 24 h (50 mg/mL: 14.7 AE 2.7%; 300 mg/mL: 29.7 AE 4.0%), as compared to cells cultured without NPs. This effect was significantly reduced when HUVECs incubated with NPs (300 mg/mL) were inhibited with cytochalasin D (macropinocytosis inhibitor, see above) for 5 h ( Supplementary Fig. 1 B) . Importantly, for the same concentration, the cellular necrosis was approximately two-or three-fold higher than the one observed on SNP5eDexOx (without AmB), showing that AmB is important in the cytotoxicity profile observed. In contrast to cell necrosis, cell apoptosis was independent of NP concentration. The levels of cell apoptosis (early and late apoptosis) fluctuated along the different concentrations tested, being in most cases below 20%. These results indicate that necrosis and not apoptosis is the predominant death pathway.
To investigate whether cell death is mediated by loss of cell membrane integrity, lactate dehydrogenase (LDH) leakage was measured (Fig. 5B ). HUVECs cultured with SNP5eDexOx (without AmB) up to 300 mg/mL show minimal LDH leakage over 24 h. In contrast, HUVECs cultured in medium containing SNP5eDexOx-AmB show high LDH leakage at 5 (300 mg/mL) and 24 h (concentrations 50, 100 and 300 mg/mL). Overall, our results suggest that for low concentrations of SNP5eDexOxAmB (up to 100 mg/mL) the NPs are internalized by the cell and only after they contribute for the loss of cell membrane integrity. For high concentrations (300 mg/mL), the overlap between NP internalization and LDH leakage for 5 h makes it difficult to interpret the results. However, the reduction, but not elimination of observed necrosis for HUVECs cultured in the presence of high concentrations of NPs and cytochalasin D (which completely inhibits NP internalization, see above) indicates that the NPs may also exert a direct cytotoxic effect on the cell membrane.
Overall, our results indicate that HUVECs were more susceptible than fibroblasts to the cytotoxic effect of NPs. This was evaluated by 4 different methodologies: cell metabolism by ATP measurements, cell viability by annexin V/PI staining, cell proliferation and cell membrane integrity by LDH measurements. HUVECs were sensitive to concentrations of 50 mg/mL SNP5eDexOxAmB (at this concentration, no substantial cytotoxic effect was observed for SNP5e DexOx) while fibroblasts were resistant to concentrations up to 500 mg/mL of SNP5eDexOxAmB. The low cytotoxicity in fibroblasts is partially due to their low ability to internalize NPs. However, this does not explain all the results since HUVECs inhibited with cytochalasin D (macropinocytosis inhibitor) show cell death (35%) after 5 h of exposure to 300 mg/mL of SNP5eDexAmB (not observed in fibroblasts). Therefore, it is likely that differences in the cell membrane composition between HUVECs and fibroblasts might account also for the differences between endothelial and fibroblast cells. The differences in toxicity of soluble AmB between HUVEC and fibroblasts support this hypothesis (Supplementary Fig. 5 ). Our results show that fibroblasts are less sensitive to soluble AmB than HUVECs. Importantly, the cytotoxic effect of SNP5eDexOxAmB against HUVECs was dependent on its concentration: low concentrations of NPs (up to 100 mg/mL) were firstly internalized before inducing any cytotoxicity, while high concentrations of NPs (above 100 mg/mL) induce a rapid cytotoxicity (observed at 5 h) likely not mediated by NP internalization. Further, our results show that SNPs conjugated with AmB are more cytotoxic against HUVECs than SNPs without AmB. The results obtained by LDH measurements highlight significant differences in the cytotoxic effect of both NPs. While SNP5eDexOxAmB induce cellular LDH leakage, SNP5e DexOx does not have the same effect. This shows that part of the cytotoxic mechanism of AmB in the SNPs is related to its interference with cell membrane integrity.
Assessment of oxidative stress in cells cultured with SNPs conjugated with and without AmB
Previous studies have reported that the cytotoxicity of SNPs is associated with increased oxidative stress. Studies in HUVECs have shown that SNPs ranging from 50 to 200 mg/mL induce reactive oxygen species (ROS) production, which in turn induce apoptosis, via JNK, p53 and NF-kB pathways [14] . Furthermore, it has been suggested that AmB increases cellular oxidative stress, specifically lipid peroxidation [2] . To establish the role of oxidative stress in the cytotoxicity of SNPs, carboxy-H 2 DCFDA staining was performed and evaluated by flow cytometry (Fig. 5C ). In the presence of reactive oxygen species (ROS) fluorescence intensity of the cells stained with this dye increases. HUVECs exposed to SNP5eDexOx give rise to ROS, which increase as a function of SNP intracellular concentration (for 5 and 24 h). In contrast, the effect of SNP5e DexOxAmB in HUVECs was dependent on its concentration. For small concentrations of SNP5eDexOxAmB (up to 50 mg/mL) there is production of ROS, while for high concentrations (300 mg/mL) no substantial ROS are produced. These results agree with the twodose dependent effect of SNP5eDexOxAmB described before: low concentrations (up to 50 mg/mL) are internalized by HUVECs and induce ROS production while high concentrations (300 mg/mL) induce cell membrane damage even in the absence of cell internalization and ROS production. Results are expressed as Mean AE SEM (n ¼ 6). Triton X-100 was used as positive control at 24 h being the LDH release of 1024.2% AE 69.9 relatively to control (data not shown in the graph for simplicity). (C) ROS production by HUVECs exposed to NPs for 12 h (C.1) and 24 h (C.2). ROS was detected by flow cytometry analysis using the oxidation-sensitive probe carboxy-H 2 DCFDA. Results are expressed as Mean AE SEM (n ¼ 3). In all graphs, *, ** and *** denote statistical significance (P < 0.05, P < 0.01, P < 0.001, respectively).
Expression of pro-inflammatory cytokines by cells treated with SNPs conjugated with and without AmB
Studies in HUVECs have shown that SNPs induce the release of tissue factor, IL-6, IL-8 and MCP-1 [14] . Furthermore, it has been demonstrated that patients that received AmB have an induction of TNF-a, IL-6, IL-1RA and IL-1b [31] . In addition, human innate immune cells cultured with AmB produce high levels of inflammatory cytokines (TNF-a, IL-6, IL-1RA and IL-1b) and chemokines (IL-8, monocyte chemotactic protein-1 and macrophage inflammatory protein-1b) [32, 33] . To evaluate inflammatory response and endothelial/fibroblast activation induced by SNPs, HUVECs or fibroblasts were exposed to the NPs (50 mg/mL) for 5 and 24 h. The collected cell medium was then characterized for the presence of 17 different cytokines using a cytokine bead array (Fig. 6A) . For HUVECs and fibroblasts only 4 (MCP-1, IL-8, IL-6 and G-CSF) and 3 (IL-8, IL-6 and MCP-1) cytokines were measurable, respectively. At 5 h, no significant difference (P > 0.05, n ¼ 4) was observed for all the groups tested, i.e., untreated cells (i.e., cells not exposed to NPs) and cells treated with SNP5eDexOx or SNP5eDexOxAmB. At 24 h, HUVECs exposed to SNP5eDexOxAmB secreted significantly higher levels of IL-8, IL-6 and G-CSF than untreated HUVECs and IL-6 and G-CSF than HUVECs exposed to SNP5eDexOx. Yet, the differences observed in cells treated with SNP5eDexOxAmB and SNP5eDexOx were relatively low. In case of fibroblasts (time 24 h), cells secreted similar levels of IL-6 and MCP-1 in all the experimental groups tested, but lower levels of IL-8 when treated with SNP5eDexOx-AmB than in control (P < 0.01, n ¼ 4). 
Expression of heat shock proteins (HSPs) by cells treated with SNPs conjugated with and without AmB
To further investigate the cytotoxic effect of SNPs in HUVECs, microarray studies (an array of 90 genes involved in cell apoptosis/ necrosis) were performed to identify differentially expressed genes that may be responsible for the observed cytotoxic profile (Fig. 6B) . In some cases, gene expression observed in HUVECs exposed to SNP5eDexOx or SNP5eDexOxAmB was similar, and therefore not related to the presence of AmB. For example, in both cases, HUVECs have a downregulation of genes related to cell proliferation, and an upregulation of genes involved in cell arrest and senescence. This agrees with previous studies showing that cells exposed to certain concentrations of silver NPs [34] , gold-based NPs [35] , chitosanbased NPs [36] , titanium dioxide NPs [37] , or gold nanorods [38] have an arrest in cell proliferation (decrease in G1 population accompanied by an increase in G2/M population). In addition, our results show that HUVECs exposed to NPs have impaired DNA repair mechanisms as compared to untreated cells (cells not exposed to NPs). Only 1 out of 11 genes involved in DNA repair was upregulated in HUVECs exposed to NPs, while in untreated cells 9 out of 11 genes were upregulated (Fig. 6B) . The DNA repair machinery involves enzymes, which require energy from ATP to remodel the chromatin [27, 39] . Therefore, the decrease of ATP in HUVECs exposed to NPs (Fig. 4) likely affected the enzymemediated DNA repair mechanisms, as well as the cascade of events requiring phosphorylation of proteins taking part in the repair of DNA [40] . Moreover, our results show that HUVECs exposed to NPs are more prone to oxidative and metabolic stress. This corroborates previous data showing that SNPs induce oxidative stress in several types of cells [41] . This is likely due to the generation of ROS by SNPs.
Gene arrays revealed significant differences between HUVECs exposed to SNP5eDexOxAmB and SNP5eDexOx in the clusters of genes involved in inflammation and heat shock response (Fig. 6B ). HUVECs exposed to SNP5eDexOxAmB are more prone to induce inflammation since 10 out of 14 genes are upregulated. In contrast, in HUVECs exposed to SNP5eDexOx only 1 out of 14 genes is upregulated. From all the genes upregulated in cells exposed to SNP5eDexOxAmB, chemokine (CeC motif) ligand 4 (CCL4), also known as macrophage inflammatory protein 1 b (MIP-1b), IL-1b and CSF2, also known as granulocyte macrophage colonystimulating factor (GM-CSF), were not observed at protein level (by the cytokine bead array) which may indicate that the concentration secreted was too low (below 1 pg/mL) and therefore out of the sensitivity range of the analysis performed, or the genes were not expressed at protein level.
HUVECs exposed to SNP5eDexOxAmB and SNP5eDexOx showed a different profile of expression of genes related to heat shock proteins (Fig. 6B ). HUVECs exposed to SNP5eDexOxAmB showed higher expression of genes related to heat shock proteins than cells exposed to SNP5eDexOx. Some of the genes identified in our array encode members of the heat shock protein 10 (HSPE1), 60 (HSPD1), 90 (HSP90AB1; HSP90AA2) and 100 (HSPH1). However, most of the genes encode members of the heat shock protein 70, namely protein 1A (HSPA1A), protein 1L (HSPA1L), protein 2 (HSPA2), protein 5 (HSPA5), protein 6 (HSPA6) and protein 8 (HSPA8). HSP70 is found in the nucleus and cytoplasm and its role is to help in the folding of nascent proteins and avoid the accumulation of misfolded proteins [42] . This protein is the only one of the family whose transcription is not constitutive, but is highly inducible by high temperatures [43] . Therefore, we used immunofluorescence to monitor the expression and subcellular localization of HSP70 in cells incubated with SNP5eDexOx or SNP5e
DexOxAmB (50 mg/mL, for 5 or 24 h) (Fig. 7A) . The antibody recognizes several members of the heat shock protein 70 kDa (Hsp70) gene family including Hsp70, Hsc70 and p75. Cells without exposure to SNPs or heat stress have a diffuse distribution of HSP70 at the cytoplasm, and at less extent in the nucleus. In contrast, cells exposed to a heat shock at 42.5 C for 3 h have an overall increase in the intensity of fluorescence due to the induced synthesis of HSP70 and an increase in the nuclear localization of HSP70 protein primarily in the phase-dense nucleolar structures. Likewise, cells cultured with SNP5eDexOx or SNP5eDexOxAmB for 5 h have an increase in the fluorescence intensity and a nuclear localization of HSP70. At 24 h (Supplementary Fig. 6 ), there is an increase in the fluorescence intensity and nuclear localization of HSP. In this case, spots of HSP70 were also observed at the cell cytoplasm.
The temporal pattern of total HSP70 expression was confirmed quantitatively by an ELISA assay (Fig. 7B) . HUVECs exposed to a heat shock have a 6-fold increase in HSP70 content. HUVECs treated with SNP5eDexOx have a slight increase in the expression of HSP70, although not statistically different from the control (P > 0.05, n ¼ 3). Importantly, HUVECs treated with SNP5eDex-OxAmB have a 2-fold increase in HSP70 content relatively to control at 24 h, and the content is statistically different (P < 0.001, n ¼ 3) to cells exposed to SNP5eDexOx.
Although heat stress is the classic inducer of heat shock proteins, a variety of other stresses including pesticides, heavy metals, and solvents can induce heat shock proteins. Among the various HSP isoforms, HSP70 is often the most representative HSP protein to be expressed following environmental stresses. Indeed the expression of HSP70 has been used as a tool to evaluate the level of toxicity in cells to certain chemicals. However, with the exception of few studies with silver NPs, HSP70 has not been connected with nanotoxicity [43, 44] . HSP70 is a molecular chaperone that binds to exposed hydrophobic segments of unfolded proteins preventing the formation of protein aggregates and facilitating spontaneous native-protein folding [45] . This protein moves to the nucleus in response to stress. It is believed that the nuclear localization of HSP70 is related to the preservation of ribosomal assembly and function [46] . The increase in the expression of HSP70 in HUVECs treated with SNP5eDexOxAmB as compared to the ones treated with SNP5eDexOx indicates higher stress and protein unfolding.
Conclusions
Our study demonstrates that the biological impact of AmB immobilized on NPs depends on the cell type. NPs conjugated with AmB are highly internalized by HUVECs but not fibroblasts. Further, the internalization after 24 h is higher for HUVECs exposed to NPs conjugated with AmB than without AmB. The internalization process in HUVECs is mainly mediated by macropinocytosis, while in fibroblasts the internalization is mediated by different pathways. In both type of cells, the NPs accumulate primarily in the endolysosomal compartment. Our study also demonstrates that the cytotoxic profile of NPs conjugated with AmB is negligible on fibroblasts for concentrations up to 400 mg/mL while for HUVECs depend in the NP concentration. For concentrations of SNP5eDexOxAmB up to 10 mg/mL they are non-cytotoxic. For concentrations between 10 and 100 mg/mL the cytotoxic effect is mediated by the production of ROS. There is (i) cell death (approximately 70% of the initial cells after 24 h for a concentration of 50 mg/mL), (ii) LDH release after 24 h of exposure to NPs, (iii) high expression of pro-inflammatory cytokines and chemokines (IL-8, IL-6, G-CSF, CCL4, IL-1b and CSF2), (iv) high expression of genes related to heat shock proteins, and (v) an increase in the expression of HSP70 at protein level. For concentrations of SNP5eDexOxAmB above 100 mg/mL the cytotoxic effect is mediated by cell permeabilization. This is confirmed by the absence of ROS and an increase in the release of LDH. Sixty percent of the initial cells are dead after 5 h.
